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Objective: Skeletal myoblast transplantation is a promising strategy for treating
end-stage heart failure. One potential problem in the development of functional,
synchronously contracting grafts is the degree of intercellular communication
between grafted myoblasts and host cardiomyocytes. Thus it is expected that
enhancement of intercellular gap junction formation would result in improved effi-
ciency of skeletal myoblast transplantation. In this study we investigated whether
myoblasts overexpressing connexin 43, a major cardiac gap junction protein, would
enhance this intercellular communication.
Methods and Results: L6 rat skeletal myoblast cell lines overexpressing connexin
43 were generated by means of gene transfection and clonal selection. Connexin 43
overexpression of these myoblasts, which continued both in undifferentiated and
differentiated states (up to 17-fold greater protein level in comparison with control-
transfected myoblasts, as measured with Western blotting), was observed on cell
surfaces where gap junctions should exist. Both dye microinjection and scrape load-
ing with fluorescent dyes showed enhancement in intercellular dye transfer between
connexin 43–transfected myoblasts compared with that found in control-transfected
cells. Morphologically, these myoblasts fused and differentiated into multinucleat-
ed myotubes more rapidly, demonstrating a higher level of cellular creatine kinase
activity as a marker of myogenic differentiation throughout the culture period com-
pared with that of control-transfected myoblasts.
Conclusions: We have generated connexin 43–overexpressing skeletal myoblast cell
lines that resulted in improved formation of functional intercellular gap junctions,
which could be relevant to synchronous contraction of grafted myoblasts in the
heart. In addition, these cells demonstrated more rapid differentiation, which would
also be advantageous in a graft for transplantation to the heart.
Skeletal myoblast transplantation is a promising strategy to treatpatients with end-stage heart failure.1-3 Success of this strategydepends on the capacity of the grafted myoblasts to functionallyintegrate with the preexisting myocardium. It is considered that thisintegration would be dependent on the formation of gap junctionalintercellular communication (GJIC) between grafted myoblasts and
native cardiomyocytes, which is necessary for the synchronous contraction of
grafted cells and cardiomyocytes.3 Although the possible existence of such inter-
cellular gap junctions has been suggested in several experimental models of
skeletal myoblast transplantation to the heart,1,2 this issue is still controversial.4
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Gap junction is composed of connexons that are made of
connexins (Figure 1). This junction regulates intercellular
passage of molecules, including inorganic ions and second
messengers, thus achieving electrical, as well as metabolic,
coupling of the cells.5,6 Connexin 43 (Cx43) is the major gap
junction protein in the ventricular myocardium responsible
for GJIC between cardiomyocytes themselves5 and is there-
fore likely to have an important role in coupling between
grafted skeletal myoblasts and host cardiomyocytes.
Although gap junctions exist between undifferentiated
myoblasts with concurrent expression of Cx43, they are
absent from mature skeletal muscle with little Cx43 expres-
sion,4,7 as shown in Figure 1. It is reported that overexpres-
sion of Cx43 improves GJIC in various cancer cells, resulting
in their enhanced myogenic differentiation ability.8-10
Fibroblasts transfected with Cx43 antisense RNA, in contrast,
show a significant reduction in their GJIC.11 We therefore
hypothesised that overexpression of Cx43 would be advanta-
geous for the skeletal myoblast-myotubes to form GJIC with
cardiomyocytes. The aim of this study was to generate skele-
tal myoblasts overexpressing Cx43, to investigate the role of
Cx43 in GJIC formation, and to characterize both prolifera-
tion and myogenic differentiation in skeletal myoblasts.
Methods
Cell Culture
The rat skeletal muscle cell line L6 (American Type Culture
Collection) was grown in Dulbecco’s modified Eagle’s medium
supplemented with 20% fetal calf serum (growth medium).
Skeletal myoblasts can be incubated without differentiation for a
long period if cultured in this medium at a low cell density.12 When
the medium is substituted with differentiation medium (Dulbecco’s
modified Eagle’s medium with 2% horse serum),l2 myoblasts start
differentiation into multinucleated myotubes (Figure 1).
Gene Transfer and Selection
Full-length rat Cx43 cDNA8 (kindly provided by Professor C. C.
Naus, Department of Anatomy and Cell Biology, University of
Western Ontario, Canada) was cloned into the mammalian expres-
sion vector pCI-neo (Promega). After gene transfection mediated
by SuperFect reagent (QIAGEN), the cells were plated at a limit-
ing dilution (0.1 cell/well concentration) to obtain single-cell
colonies in the presence of G418 (Sigma), which kills all non-
transfected and transiently transfected cells during a 4-week incu-
bation. Surviving cells, which were stably transfected and thus
show long-term protein expression, were picked up, grown in num-
ber, and analyzed. Control cells were transfected by using pCI-neo
without the gene encoding Cx43 and selected by using the same
method.
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Figure 1. Diagram of gap junction and differences among cardiomyocytes, skeletal myoblasts, and skeletal
myotubes. Gap junction is composed of connexons that are made of connexins, regulating intercellular passage
of molecules, including inorganic ions and second messengers. Skeletal muscle cells have several important dif-
ferences in cellular characteristics from cardiomyocytes.
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Western Blotting to Assess Cx43 Protein Level
Time course of Cx43 protein expression was analyzed with
Western blotting. Cx43- or control-transfected cells were grown
according to the differentiation protocol described above. These
cultures were collected at day 1 to 7 (n = 5 in each point), and
each sample was loaded onto a sodium dodecylsulfate polyacry-
lamide gel for electrophoresis and then transferred onto a nitro-
cellulose membrane. The membrane was incubated with anti-rat
Cx43 monoclonal antibody (Chemicon) and then with horserad-
ish peroxidase–conjugated secondary antibody (Sigma), fol-
lowed by visualization with an ECL detection system
(Amersham). The films were scanned with a Molecular
Dynamics 300A laser densitometer to determine Cx43 levels
with Quantity One software (P.D.I.). Densitometry readings of
the bands were used to calculate values relative to that on day 1
for control-transfected cells to obtain comparative data.
Immunocytochemistry for Cx43
Subcellular distribution of Cx43 expression was investigated with
immunocytochemistry. The Cx43- and control-transfected cells
were grown on 2-well chamber slides (Nunc), fixed, and incubat-
ed with anti-rat Cx43 monoclonal antibody (Chemicon). After
washing, this was followed by incubation in fluorescein isothio-
cyanate–conjugated secondary antibody (Dako). Fluorescein isothio-
cyanate can be detected under a fluorescent microscope. After
counterstaining with propidium iodide, cells were examined with
an Odyssey Laser Scanning Confocal Microscope (Noran
Instruments) to obtain image stacks of 0.5-µm optical sections of
regions of interest.
Figure 2. Cx43 overexpression. A, Six clones of L6 skeletal
myoblasts genetically engineered to overexpress Cx43, named
Cx43(8), Cx43(11), Cx43(15), Cx43(16), Cx43(19), Cx43(21), were gen-
erated by means of gene transfection and clonal selection. B,
Control cells were transfected with pCI-neo vector only. Whereas
Cx43 expression in the control cells was downregulated to a min-
imum level after differentiation, Cx43(15) and Cx43(19) cells con-
tinued to express significantly larger amounts of Cx43 protein
throughout the period. Data are shown as relative levels of Cx43,
assigning a value of 1.0 to the band density from day 1 sample of
control-transfected L6 cells. *P < .05 versus control-transfected L6
cells (n = 5 in each point). Values are expressed as means ± SEM.
Figure 3. Immunocytochemical staining for Cx43. A, Immuno-
cytochemical study with anti-Cx43 monoclonal antibody demon-
strated low-level Cx43 expression (shown by green fluorescence)
in cultures of control myoblasts. B, In contrast, Cx43(19) displayed
obvious Cx43 overexpression (green fluorescence) on the cell sur-
faces. Cell nuclei are stained orange by propidium iodide. Bar = 20
µm.
A
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Dye-transfer Experiments with Scrape Loading and
Microinjection
To test for functional intercellular coupling through gap junctions,
we performed scrape-loading and microinjection experi-
ments8,13,14 with fluorescent dyes that transfer between cells
through gap junctions but never permeate or diffuse into or from
cells through intact cell membranes. Short scrape lines were made
by using a scrape blade on a confluent cell layer, and cells were
incubated in 0.5 mg/mL Lucifer yellow dye (dilithium salt, Sigma)
in phosphate-buffered saline. The dye permeates into damaged
cells through broken cell membranes by scraping and transfers to
adjacent cells through gap junctions. The dye solution was
removed after 3 minutes, and GJIC permeability was estimated 10
minutes after scraping by taking photomicrographs on an Axiovert
25 microscope (Zeiss).
Microinjections of fluorescent dye into a single cell were per-
Cardiopulmonary Support and Physiology Suzuki et al
Figure 4. Intercellular communication. Scrape loading with Lucifer yellow dye demonstrated that the dye spread
more quickly and widely throughout the cell monolayer up to 7 or 9 cell diameters away from the scrape cut in
Cx43(19) cells (D) compared with control cells (C). A and B are pictures of reverse-phase contrast microscopic
observation of the corresponding fields. Microinjection of 6-CF into single cells showed that injected dye spread
to cells well beyond immediate neighbors in Cx43-transfected cells, reaching cells up to 7 cell diameters away
(F), whereas dye permeated only into the immediate neighbors in control L6 cells (E). Arrows show microinjected
cells with dye. Bar for A, B, C, and D = 250 µm. Bar for E and F = 20 µm.
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formed to assess GJIC8,14 with the aid of an Eppendorff
Micromanipulator 5171 and Transjector 5246. Single cells in a
subconfluent monolayer were microinjected with 0.5% 6-carboxy-
fluorescein (6-CF, Sigma) with a pressure of 250 psi under phase-
contrast microscopy. The extent of intercellular dye transfer was
determined by means of continuous recording with the confocal
microscope (Odyssey LSCM) equipped with Intervision software
(Noran Instruments).
Assessment of Myogenic Differentiation and
Proliferation
Cells grown according to the differentiation protocol were collect-
ed at day 1 to 7 for creatine kinase (CK) activity measurement and
morphologic study (n = 5 for CK activity and n = 2 for morpholo-
gy at each point) to study differentiation capacity. Although CK
activity is negligible in undifferentiated myoblasts, the activity
increases during the course of differentiation (Figure 1). Therefore
Figure 5. Myogenic differentiation and proliferation. A and B, Cells were fed with growth medium for the first 2
days and thereafter with differentiation medium. Morphologically, an enhancement of fusion and differentiation
into multinucleated myotubes is evident in Cx43(19) at day 4 by comparison with control myoblasts. Bar = 100 µm.
C, CK activity was significantly higher in Cx43(15) and Cx43(19) myoblasts than in control myoblasts. D, Cell pro-
liferation after plating of 1% 104 cells was significantly more rapid in control cells than in Cx43(15) and Cx43(19)
cells. *P < .05 versus control-transfected L6 cells (n = 5 for CK measurement and n = 6 for proliferation in each
point). Values are expressed as means ± SEM.
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CK activity is used as a common marker of myogenic differentia-
tion in skeletal myoblasts. CK activity in the homogenates was
measured by using the spectrophotometric method.15 Specific
activity is expressed in units of CK activity per gram of protein.
For the morphologic study on differentiation, the cultures were
stained with hematoxylin and eosin.
Cells (1 × 104) were grown in 24-well plates (Nunc) in growth
medium to examine cellular proliferation capacity. The number of
cells per plate was determined from counts obtained with a hemo-
cytometer8 at the selected time period (n = 6 in each point).
Statistical Analysis
All values are expressed as means ± SEM. Statistical comparison
of the data was performed by using 1-way repeated-measures
analysis of variance. If a significant F ratio was obtained, further
comparisons were determined with the Bonferroni/Dunn post hoc
test. Analyses were performed with the StatView version 4.0 sta-
tistical package (SAS Institute).
Results
Detection of Cx43-Overexpressing L6 Skeletal
Myoblast Cell Lines
Six surviving cloned lines were derived from gene transfection
with a Cx43 cDNA cloned into the expression vector pCI-neo
and from selection with G418. These lines, named Cx43(8),
Cx43(11), Cx43(15), Cx43(16), Cx43(19), and Cx43(21),
were subjected to Western blotting for Cx43, demonstrating
that all of them expressed a higher level of Cx43 than control
L6 cells that had been transfected by pCI-neo without the gene
encoding Cx43 (Figure 2, A). Cx43 protein appeared as a dou-
blet, suggesting phosphorylation of Cx43. Cx43(15) and
Cx43(19), whose levels of Cx43 expression were the highest
(14.5 ± 1.3-fold and 17.3 ± 1.88-fold from Figure 2, B, data at
day 1, respectively), as well as the control cells, were cultured
in growth medium for 2 days, followed by feeding with dif-
ferentiation medium. Cx43 expression of the control cells,
which was clear in the early stage, was downregulated to a
minimum level in the late phase (Figure 2, B). As regards
Cx43(15) and Cx43(19), the extended level of expression con-
tinued throughout the period studied, although the expression
was decreased during differentiation at a similar rate.
Nevertheless, Cx43 overexpression still remained 5 to 8 times
higher in day 7 differentiated cells compared with the level in
control-transfected L6 cells.
Immunocytochemical analysis with a monoclonal anti-
body specific for Cx43 demonstrated low Cx43 expression
in cultures of control cells. In contrast, Cx43(19) myoblasts
displayed obvious immunofluorescent labeling, both in the
cytoplasm and on the cell surfaces where intercellular gap
junctions should exist (Figure 3).
Enhanced Intercellular Communication
Scrape loading with Lucifer yellow dye was performed on
confluent monolayers to evaluate the extent of GJIC. Dye
spread more widely throughout the monolayer up to 7 or 9
cell diameters in Cx43(19) cells (Figure 4, D), in contrast to
the more limited spread (up to 3 cell diameters) seen in con-
trol-transfected L6 cells (Figure 4, C). This finding was fur-
ther confirmed by means of visualization of the transfer of
another dye (6-CF) microinjected into single cells.
Representative confocal microscopic images are shown for
control L6 (Figure 4, E) and Cx43(19) cells (Figure 4, F). In
9 of 15 injections in control cells, intercellular transfer of 6-
CF to immediately neighboring cells was observed only
after 3 minutes of dye injection. In the remaining 6 cases,
intercellular spread of dye was not noted. In contrast, inject-
ed dye spread rapidly within 1 minute to Cx43(19) cells
beyond immediate neighbors, reaching cells up to 7 orders
away in all of 12 injections.
Accelerated Myogenic Differentiation and Decreased
Proliferation Capacity
Cx43(15), Cx43(19), and control cells were cultured in
growth medium until subconfluence and then switched to
differentiation medium to assess the differentiation ability.
An enhancement of fusion and differentiation into multinu-
cleated myotubes was evident in microscopic observations
of Cx43-transfected cells (Figure 5, B) by comparison with
control cells (Figure 5, A). Quantified extent of myogenesis
by measuring CK activity was significantly higher in the 7-
day incubation period in Cx43(15) and Cx43(19) myoblasts
than in control cells (Figure 5, C). The activity in Cx43-
overexpressing myoblasts increased rapidly until reaching
plateau levels at day 5, whereas control myoblasts showed a
gradual but constant increase in the level of CK activity
until day 7.
Cell proliferation was monitored up to 8 days after plat-
ing of 1 × 104 cells on 24-well chamber plates to study the
effect of increased GJIC on growth regulation. Control cells
proliferated significantly (P < .05) more rapidly than
Cx43(15) and Cx43(19) cells in the growth medium (Figure
5, D).
Discussion
This study has documented the feasibility of overexpression
of Cx43 in skeletal myoblasts and its influence on GJIC,
myogenic differentiation, and growth. Cardiomyocytes
must contract in a coordinated fashion for the heart to work
effectively as a pump. This synchronized harmony is
achieved through GJIC, which enables intercellular passage
of molecules, including inorganic ions and second messen-
gers, thus achieving electrical and metabolic coupling of the
cells.5,6 Therefore it is considered that, in skeletal myoblast
transplantation to the heart, GJIC between grafted
myoblasts and native cardiomyocytes is necessary.
Although some reports have suggested the possible pres-
ence of such intercellular gap junctions by using electron
Cardiopulmonary Support and Physiology Suzuki et al
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microscopic observation or staining for Cx43,1,2 others have
demonstrated contradictory results.4 We consider that these
conflicting results may be caused by low-level, short-term
expression of Cx43 in grafted myoblasts. Although gap
junctions have been described during the early stages of
muscle development with concurrent expression of Cx43,
they are absent from adult skeletal muscle, with a coincident
downregulation of Cx43 expression.4,7 We generated sever-
al myoblast cell lines that continue to express a higher level
of Cx43 for a longer period, even when differentiated, as a
result of stable gene transfection. These cells showed much
enhanced GJIC compared with non-Cx43 transfectants, as
demonstrated by microinjection of 6-CF, as well as scrape
loading with Lucifer yellow dye. We expect such modifica-
tion of skeletal myoblasts to be advantageous for their inte-
gration with host myocardium subsequent to grafting.
Although we focused on evaluating function of gap junc-
tions in this study, further study to clarify the morphologic
differences in gap junctions between Cx43-overexpressing
and control myoblasts by using electron microscopy would
be useful.
Furthermore, we have demonstrated that Cx43 overex-
pression in L6 myoblasts enhances differentiation capacity.
Although similar findings that Cx43 overexpression induces
myogenic differentiation have been demonstrated with mus-
cle-derived carcinoma cells,9,10 the present data represent
the first report demonstrating a significant role for Cx43 in
myogenic differentiation of skeletal myoblasts. The differ-
entiation of skeletal myoblasts is characterized by with-
drawal from the cell cycle, activation of muscle-specific
gene expression, and fusion of myoblasts to form multinu-
cleated myotubes.l6 These myotubes then undergo further
differentiation to form the mature skeletal fiber that is the
functional contractile subunit of muscle tissue. The fusion
of myoblasts is preceded by a complex series of sequential
events, including cell alignment, adhesion, and intercellular
communication.17 It has been suggested that GJIC with con-
comitant expression of Cx43 might play an important role in
this process because its expression correlates with the
degree of myoblast fusion.5 Because such myogenic differ-
entiation of grafted myoblasts into multinucleated myotubes
and, subsequently, functional mature muscle fibers may also
be another limiting factor of the effectiveness of cellular
cardiomyoplasty, one can expect that overexpression of
Cx43 would additionally improve the efficiency of cell
transplantation by accelerating myogenic differentiation of
grafted myoblasts.
In addition to ensuring intercellular coordination, gap
junctions have been reported to act as growth regulators by
enabling passage of growth-limiting molecules between
cells.18 An inverse relationship is generally seen between
the extent of GJIC and proliferative growth. Uncontrolled
growth, as in cancer, is characterized by decreased GJIC,
and some connexins are proposed to act as tumor suppres-
sors.19 Direct evidence for this inverse relationship has been
provided by experiments in which connexin genes were
transfected into tumorgenic cell lines.8,9 The effect of Cx43
on noncancer cells, however, has not been reported. In this
article we have demonstrated that Cx43 overexpression
attenuates cell proliferation of L6 skeletal myoblasts, which
is associated with enhanced GJIC and improved differentia-
tion ability.
It is interesting and necessary as a further study to inves-
tigate whether these Cx43-overexpressing myoblasts
demonstrate enhanced GJIC with cardiomyocytes in com-
parison with wild-type or control-transfected myoblasts by
using an in vitro coculture (skeletal myoblasts and car-
diomyocytes) system. However, a recent article by Reinecke
and associates4 has shown that the results of such in vitro
experiments do not correlate well with those of in vivo stud-
ies: primary skeletal myoblasts developed GJIC with car-
diomyocytes in vitro, but grafted ones in the heart in vivo
failed to do so. Thus in vivo grafting models would be need-
ed to clarify whether the Cx43-overexpressing cell lines we
have generated are actually advantageous in making GJIC
with cardiomyocytes in the heart, although there are techni-
cal limitations to the quantitative evaluation of GJIC in vivo.
Further investigation is needed to clarify this issue.
At present, the effect of drug treatment in patients with
end-stage heart failure is limited, and heart transplantation
is the only established definitive treatment, although there
are some serious disadvantages, such as complications relat-
ed to immunosuppression.20 Cell transplantation is a
promising alternative, and several types of cells have been
examined as a graft for cell transplantation in animal mod-
els.3 We consider skeletal myoblasts to be the most promis-
ing because they retain the capacity to fuse with surround-
ing myoblasts or with damaged muscle fibers to regenerate
functional skeletal muscle. In addition, skeletal myoblasts
can be isolated from the patients themselves as autografts in
the clinical setting, avoiding the necessity of immunosup-
pression.1,3 We have shown that Cx43-overexpressing skele-
tal myoblasts demonstrate improved GJIC, as well as an
enhanced capacity for differentiation. These properties
should prove to be a considerable advantage when these
cells are grafted into myocardium, suggesting a promising
source of cells for transplantation.
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